Boron, nitrogen, and carbon ions were co-implanted in silicon wafers, and subsequently annealed. Infrared spectra show the formation of BN-rich buried layers. The presence of a band at 1375 cm Ϫ1 characteristic of boron nitride in a hexagonal configuration has been observed. Traces of the cubic phase formation were detected in some cases. Implanted samples exhibit a broad emission band about 550 nm. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1462840͔
Boron nitride is an interesting III-V compound, good insulator and chemically inert, with potential applications in microelectronics. Boron-nitride polytypes have some of the largest band gaps of the III-V nitrides ͑about 6.4 eV in c-BN and 5.1 eV in h-BN, which is the reason for their technological importance in deep-blue and UV applications. A great effort has been devoted to the study of this material, its crystalline phases and synthesis techniques, in the last years. [1] [2] [3] [4] [5] There are also several reports about near-band-gap, as well as unidentified defect-and impurity-related deeplevel luminescence from both h-and c-BN ͑see for instance Refs. 6 -8͒.
B-C-N compounds are expected to show intermediate properties between those of BN ͑insulator͒, and graphite ͑semimetal͒. It should behave as a semiconductor with a tunable band gap energy, controlled by its atomic composition and arrangement. It has already been demonstrated that BC 2 N displays the characteristic of a p-type semiconductor with a band gap energy of about 2 eV. Reports showing luminescence from some B-C-N compounds ͑particularly BC 2 N films͒ suggest the possibility of their application in light-emitting devices, 9, 10 and for flat panel displays. Further, the negative electron affinity of boron nitride allows foreseeing the integration of field emitters arrays with the silicon technology. However, one of the major drawbacks of BN layers deposited on silicon is the strong residual stress, which make the deposited films peel off.
In this paper we report the results of high-dose ion implantation of boron, nitrogen, and carbon in silicon and subsequent annealing. The structural and chemical properties of the formed layers are analyzed by means of Fourier transform infrared ͑FTIR͒ spectroscopy and high-resolution x-ray diffraction ͑HRXRD͒. Finally, the implanted layers were characterized by cathodoluminescence measurements ͑CL͒.
Ion implantations were performed on high-resistivity both-sides-polished ͑111͒ n-type floating zone silicon wafers, with phosphorous concentration of about 10 14 11 to estimate the implantation results, we selected the implanted doses to obtain maximum impurity concentrations similar to the bulk silicon density, 5ϫ10 22 cm Ϫ3 , and implantation energies to set projected ranges of about 650 Å. These estimations were acceptably reliable because all doses were well over the critical amorphization dose. Afterwards, we performed 1 min rapid thermal annealing ͑RTA͒ at 600, 850, and 1200°C, and a 3 h conventional annealing processes at 1200°C in pure nitrogen atmosphere to all samples, in order to recrystallize the Si overlayer and to promote the activation and/or chemical reaction of the implanted ions.
FTIR spectra in transmission mode were collected in a Bruker IFS-66 V spectrometer. This technique was used to identify the vibrational modes of the different bonds present in all the samples and, thus, to follow the reaction between the implanted ions and the silicon matrix. Figure 1 shows the spectra of the samples implanted with N ϩ ϩB ϩ . An unimplanted silicon wafer was used as reference for the measurement, but no baseline corrections were done. The free-carrier absorption caused by the high boron doping produces some bowing of the baseline around 1000 cm
Ϫ1
, which increases as the growing annealing temperature activates the implanted boron ions electrically. In some cases this bowing can almost mask some broad bands.
In the samples annealed at low temperatures, the main band is located about 800-900 cm Ϫ1 due to the stretching mode of nitrogen and/or carbon atoms bonded to silicon, which usually are about 780 cm Ϫ1 ͑Si-C͒ and 850 cm Ϫ1 ͑Si-N͒. 12, 13 This band is considerably broad because, in these samples, a strong structural damage still remains, causing bond-angle distortions and band overlapping. 14 higher-temperature annealing was performed on the samples, this broad band seemed to decrease ͑or, at least, to be masked by the free-carrier absorption͒. This decrease may be explained by a trend of nitrogen to bond with boron atoms. At the same time, a peak about 1020 cm Ϫ1 becomes visible in all spectra, including the one from the sample implanted with boron only. We identify it as the Si-O stretching band from the surface native oxide, which is usually located about 1080 cm Ϫ1 , 12 but that can be shifted toward lower wave numbers, because of a softening of the bonds due to boron implantation. The band at 1375 cm Ϫ1 may indicate the formation of B-N bonds in a hexagonal arrangement.
16 Figure 2 shows the region around 1050 cm Ϫ1 of some spectra, and it is possible to see that in the sample implanted with 3 ϫ10 17 cm Ϫ2 of boron and nitrogen and annealed at 850°C, there is a peak at 1080 cm Ϫ1 additionally to that at 1020 cm
. Since we consider that the Si-O stretching due to surface oxide is causing the second peak, we cannot disregard the possibility of the first being caused by some B-N bonds in a cubic arrangement, whose stretching band is usually located about 1075 cm Ϫ1 .
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In the spectra of the samples annealed for 3 h at 1200°C ͑conventional furnace͒, the bowing due to free-carrier absorption due to B and N doping is so strong that we cannot distinguish clearly the position of these bands; in fact we cannot even be sure of their presence. No traces of C-N nor B-C bonds have been detected in the IR spectra of any of the samples.
HRXRD measurements were performed in a Siemens D-5000 diffractometer. We tried to check the recovery of the damage caused during implantation and the crystalline quality of the Si overlayer of the implanted samples annealed at higher temperatures. The rocking curves showed that the Si-͑111͒ peaks were very narrow, but with a broad base, especially in those samples implanted with high doses and several species. It may indicate that the surface layer of the substrate remains polycrystalline, although highly ordered after the annealing processes.
As seen in Fig. 3 , all samples show a weak secondary peak at the right of the one associated to the Si ͑111͒ planes. Boron implantation seems to cause a reduction of the lattice parameter in the surface layer of all samples, about 0.7-1.0%, depending on the ions co-implanted and the annealing processes carried out. In the samples implanted just with boron, this reduction is about a 0.82% after RTA, while after furnace annealing the reduction is stronger ͑0.9%͒ because the longer annealing allows a higher incorporation of implanted ions in lattice sites. This also happens in the sample implanted with the lower doses of nitrogen and boron ͑6 ϫ10 16 cm Ϫ2 each͒. In this case the reduction is about 0.81% after RTA, and 1% ͑0.19% higher͒ after the furnace annealing. In the sample implanted with the higher dose of nitrogen and boron ͑3ϫ10 17 cm Ϫ2 each͒, the opposite effect happens: the reduction is stronger after RTA than after the longer annealing ͑about 0.8% and 0.7% respectively͒. A possible explanation for this phenomenon is that during this longer annealing ͑3 h͒ many of the B and N implanted atoms react and segregate out of the silicon lattice, forming BN clusters. Therefore, the number of substitutionals left is lower than FIG. 1 . FTIR spectra of the samples implanted with nitrogen and boron before and after annealing processes.
FIG. 2. Zoom of the region around 1050 cm
Ϫ1 of the FTIR spectra of the samples implanted with a dose of 3ϫ10 17 cm Ϫ2 of each ion, and annealed at 850°C for 1 min.
FIG. 3. XRD rocking curves of the samples implanted with a dose of 3 ϫ10
17 cm Ϫ2 of each ion, and annealed at 1200°C for 3 h.
after the RTA and the reduction of the lattice constant is also lower.
With the introduction of carbon ͑sample implanted with 3ϫ10 17 cm Ϫ2 of nitrogen, carbon, and boron͒ the trend is again the same as in the first cases, and the reduction in the lattice parameter about 0.9% after furnace annealing, 0.06 stronger than after RTA ͑0.84%͒.
In this last sample, co-implanted with the three ions, another secondary peak, much stronger than the one due to lattice reduction, appears at the left of the main one. Carbon implantation apparently gives rise to an expansion of the lattice in some layer ͑of about 0.2%͒, probably because some atoms remain in interstitial sites. This effect is only seen after furnace annealing, because after RTA processes the layer richest in carbon must be still too disordered to be detected by XRD. An alternative explanation is that, only after the furnace annealing, carbon segregates, forming a layer with a concentration high enough to produce such an expansion in the lattice. Figure 4 shows the CL spectra measured at liquid-N 2 temperature in the samples implanted with 3ϫ10 17 cm
Ϫ2
ions of nitrogen and boron and with 3ϫ10 17 cm Ϫ2 ions of each nitrogen, carbon and boron. CL measurements were done in a scanning electron microscope with an Oxford MonoCL system, and the excitation was carried out with low-energy e-beams ͑5-10 KeV͒. The CL spectra show broad featureless bands characteristic of amorphous or disordered materials. This result may be related to BN formation in the polycrystalline silicon matrix. The spectrum of the RTA-annealed NϩB-implanted sample peaks at 550 nm, while the energy peak of the NϩCϩB-implanted one shifts towards larger wavelengths ͑about 575 nm͒. In the samples annealed for 3 h the spectral features are also shifted, peaking about 590 nm.
Other spectra were also measured at different temperatures ͑125, 175, 225, and 275 K͒. They all showed the same behavior as already described but the intensities were increased for temperature above 250 K. This suggests that the luminescence is probably activated by phonons, which release carriers from deep traps. CL measurements were also carried out in samples implanted with either boron or nitrogen, in order to confirm the origin of the luminescence in BN samples. These samples were annealed and the CL spectra obtained. First, the luminescence emission was very weak compared to the emission intensity obtained for BN samples, especially for B-implanted samples, for which it was very difficult to distinguish the luminescence from the detector noise. On the other hand, the luminescence bands were shifted in relation to the bands obtained for BN samples. The samples implanted with nitrogen showed a luminescence band shifted to the blue, and a bandwidth smaller than the one obtained for BN samples. This band probably arose from small SiN structures formed as a consequence of the implantation. On the other hand, the intrinsic luminescence of silicon was not oberved, probably quenched by the crystal defects associated with the implantation process.
In conclusion, a buried layer probably containing boron nitride is formed below the silicon surface after ion implantation of B ϩ and N ϩ and subsequent annealing, as deduced from FTIR spectra. However, the quick boron diffusion during thermal treatments prevents the formation of a homogeneous BN buried layer.
The fact that the CL spectra of BϩN and BϩCϩN-implanted samples were not too different suggests that the luminescence is related to the BN formation, probably the hexagonal phase. Recombination via deep levels associated to defects inside BN grains or electron-hole confinement in the disordered regions between the BN grains could be responsible for the luminescence. FIG. 4 . CL spectra of the samples implanted with a dose of 3ϫ10 17 cm Ϫ2 of nitrogen and boron and nitrogen, carbon, and boron and annealed at 1200°C for 1 min ͑RTA͒ and for 3 h ͑furnace͒.
